Three small, neritic copepods (Acartia tonsa, Acartia clausi, and Centropayes harnatus) were exposed to short term (1 to 14 h) periods without food and their clearance over 2 h was measured. Clearance rates in controls consisting of copepods continuously exposed to 3500 cells ml-' of the diatom Thalassiosira weissflogii were 1.15 ml pg ' dry wt d-' for A. tonsa, 0.65 Ior A. clausi and 0.35 for C.
INTRODUCTION
Intermittent feeding is a common feature in most calanoid copepods. Large taxa like Calanus show a strong die1 signal in feeding (Landry & Hassett 1985) , digestion (Nott et al. 1985) and vertical position in the water column (reviewed by Haney 1988). There have been metabolic explanations for this (Enright 1977) , but when tested experimentally evidence points to predator avoidance as the proximal ca.use (Lampert et al. 1988) . Shorter term feeding periodicities are less well investigated and in particular the dynamics of ingestion and hunger in small copepods is largely unknown. These less migratory copepods may show feeding periodicity even when surrounded by food (e.g. Dagg & Grill 1980 , Stearns 1986 , Durbin et al. 1990 ). Food resources are often patchy and swimming copepods experience a fluctuating environment where periods of hunger and satiation alternate. The feeding responses of small copepods to variable food conditions are the focus of this paper.
What are the time scales of hunger responses for small copepods in patchy environments? Length of starvation periods depends on the patchiness of food and on the swimming capacity of the copepods. The shortest time scales correspond to the time it takes to fill or empty the gut, 15 to 45 min in the case of Acarfia tonsa (Durbin et al. 1990) . At the longest scale are starvation times of 3 to 6 d, w h~c h are the limit for survival of small copepods (Dagg 1977 , Parrish & Wilson 1978 .
A. tonsa can recover from shorter starvatlon times: after 1 to 3 d without food A. tonsa requires 2 to 4 d in abundant food to regain full reproduction (Parrish & Wilson 1978) . Field-caught and starved A. tonsa attained normal weight within 24 h when fed ad libitum (Thompson et al. 1994) . Starvation for more than 24 h will not be caused by patchy food resources and the failure of copepods to find patches. Rather, overall food limitation is likely in such cases, since even small copepods have the potential to search and find patches of food in the upper mixed layer in less than 24 h. Behaviour and dynamics of feeding in response to patchiness of food would therefore operate on time scales of 1 to 24 h for small copepods.
Intermittent feeding may be caused by vari.able food supply, but will at some point also be constrained by digestive capabilities. The digestion process of calanoid copepods has been investigated with regard to enzyme production and secretion (e.g. Mayzaud & Poulet 1978) . Detailed investigations have been carried out for both Calanus helgolandicus (Nott et al. 1985 , Hassett & Landry 1983 , 1988 and Acartia tonsa (Hassett & Blades-Eckelbarger 1995) . The digestion in these copepods is initiated by the release of enzymes from Bcells (blister cells) into the gut. In C. helgolandicus the B-cells are broken down within 7 h and new ones have to be formed before the digestion can proceed (Nott et al. 1985) . Copepods may continue feeding after this time but the food does not appear to be digested. The activity and breakdown of B-cells is synchronised with ,L.c ---7:
L l~r :
Ieaullly i r~ surface iayers at night. C. helgolandicus undertakes extensive vertical migrations and encounters food only at night, which makes it unnecessary to have enzymes available in the day.
Acartia tonsa show a similar periodicity in feeding activity, but in contrast thelr B-cells exhibit continuous activity and formation (Hassett & Blades-Eckelbarger 1995) . The cells contain larger vacuoles at night, corresponding to a higher enzyme secretion, but digestive activity is maintained throughout the 24 h. As for Calanus, the die1 feeding activity in A. tonsa is proposed to be a response to increased predation risk during the day. But even though predator induced migrations occur in A. tonsa and A. hudsonica (e.g. Stearns 1986 ) and A. hudsonica (Bollens & Frost 1989) , they are less extensive and do not bring the copepods beyond the food-rich surface layer.
Starvation responses have been shown for both species as well. Calanus paczficus increase enzyme activity in response to longer times of starvation (12 d; Landry & Hassett 1985) and can th.erefore reach a higher assimilation effici.en.cy temporarily. Shorter starvation times (22 to 26 h) induce 1 to 3 times higher clearance rates and a shift in retention efficiency, which points to an increased pumping rate (Runge 1980) . C. pacificus starved for 1 to 3 d increased their feeding activity temporarily, but after 8 h most of this response had levelled off (Mackas & Burns 1986) . For Acartia tonsa, Thompson et al. (1994) found a 2-to 3-fold difference in maximum ingestion caused by food Limitation in the field at the time of capture. Recovery was, however, fast; in h.igh food conditions the copepods had already recovered, in terms of body weight and condition factor within 24 h.
From the above it is clear that the small copepods have flexible and less synchronised behaviours that must operate on shorter time scales than in the case of diurnal migrators. The small species often dominate coastal zooplankton communities, yet an understanding of their responses to fluctuations in both food availability and predator fields is lacking.
In this study I investigated the short term (minutes to hours) feeding response of small copepods exposed to various degrees of starvation. The experimental design was similar to Hassett & Landry (1988) , but considerably shorter time scales were investigated. Three small neritic copepods, Acartia tonsa, A. clausi and Centropages hamatus, were starved for 1 to 14 h in filtered sea water and then allowed to feed in a dense suspension of the diatom Thalassiosira weissflogii. Their clearance rates were compared with those in continuously fed copepods. Frequent samples were takcn in order to follow the temporal evolution of clearance rates after transfer.
MATERIALS AND METHODS
Adult female Acartia tonsa used in the experiments were reared from eggs in 70 1 plastic carboys at 18"C, at 30%0 and in a 12:12 h 1ight:dark cycle. Each day a mixture of Rhodomonas baltica (6 to 7 pm equivalent spherical diameter, ESD) and Thalassiosira rueissflogii (10 to 12 pm ESD) amounting to a volume concentration of 7 ppm (= 40 000 cells ml-' of R. baltica or 8000 cells ml-' of T. weissflogii) was added to the carboys. Over 90% of this food addition was consumed within 24 h. The cultured A . tonsa were used within 2 to 4 d after moulting to females, except in the experiments with longer starvation times (3 to 14 h) where females within 3 wk after moulting were used (Table 1) .
Female Acartia clausi and Centropages hamatus were collected close to the laboratory by towi.ng a 200 pm WP-2 net in the upper 5 m and diluting the catch in 10 1 buckets filled with surface water Fresh A. clausi and C. hamatus were collected for each experiment and within 3 h individually sorted into 200 m1 beakers at the laboratory.
The day before an experiment, copepods were transferred to 200 m1 beakers for acclimation. Fifty females were placed in each beaker and Thalassiosira weissflogii was added ad libitum (up to 9000 cells ml-' but generally 2000 to 4000 cells ml-'). The concentration was maintained with a peristaltic pump or by manual additions of algae. Algal growth often balanced grazing, but concentrations were checked frequently with an Elzone 180 XY electronic particle counter. In the expenments with longer starvation times (3 to 14 h) with Arcartia tonsa, however, no separate overnight (1982) ]. From 6 March to 16 April clearance rates were calculated longer times (3 to l 4 h ) , Only from linear regressions and from 17 April to 23 July from formulae In Frost (1972) 1
was withdrawn and then diluted l 0 times before particle counting. This allowed longer experiments and was used to investigate starvation effects averaged over 3 h periods.
The bottles were kept standing on the laboratory bench at 18 to 20°C and in indirect natural daylight. Daytime experiments were run between 14:OO and 17:OO h and nighttime between 19:OO and 21:OO h. Nighttime experiments only included 1 h starvation and only Acartia tonsa. After the end of the experiment, females were checked for viability (mort~ility < 4 %) and their cephalothorax lengths measured.
For Acartia tonsa, clearance rate (volume swept clear of algae) under various degrees of starvation was calculated as follows. In each experiment a linear regression was performed on acclimation was arranged and the copepods were just In-transformed concentratlons versus time. Then the exposed to the rearing concentration.
difference between controls and experimental bottles At leas: 3 h p i i~i t o thc stn:vabi=n trcatncnt, a! ! ..vas estimated by xe!h~rls ir! Sai!ey (1981) for c0m.parexperimental copepods received a suspension of Thaisons of regressions coefficients from 2 small samples lassiosira weissflogii that was identical to the experi-with unknown vanances not assumed to be equal. The mental concentration (3000 to 4500 cells ml-', but gen-difference, with its standard error, was used to calcuerally 3500 cells m1 l ) . During this time the copepods late clearance rate. To test the difference between were counted and new ones added (never > 3 ) to keep starved and well fed conditions, the slopes correspondthe abundance at 50 per beaker. After this short term ing to the 2 conditions were tested with a t-test (Bailey acclimation the starvation treatment was started by 1981), i.e. the variance induced by variability in the rinsing the copepods into 200 m1 beakers with either controls was not included in this test.
filtered sea water or a fresh suspension of T. weiss-For tests of day-night differences with Acartia tonsa, flogii. Starvation times ranged from 1 to 14 h. After the separate clearance calculations for each 20 min samstarvation treatment copepods were rinsed into 100 m1 pling interval with appropriate volumes were perscrew cap bottles filled with 3500 cells ml-' of T. weissformed. At each interval clearance was estimated from flogii. Two to three replicates were used and the treat-the difference between g and k in Frost's formulae ments were: (Frost 1972 ). This method causes a high varlability and
(1) controls wlthout copepods (2) well fed copepods that had not been starved (3) copepods starved for 1, 3, 6 or 14 h.
Only 1 starvation period could be tested in each experiment; thus, testing the 4 starvation periods corresponded to 4 separate experiments on different dates (Table 1) .
The water in the beakers was gently mixed with a small plunger and 9 m1 withdrawn with a pipette for counting. After sampling all the bottles the samples were counted on the particle counter and then the next round of samples were taken. Each beaker was sampled 4 the estimates will not be independent of each other since the ending concentration for one interval is used as the starting concentration for next. Despite these problems, the method made it possible to follow the dynamics of ingestion rates over a time interval comparable to gut filling time. To reduce variability, the growth coefficient was determined from linear regression of concentration over the entire experimental time in control bottles and hence did not change between time intervals. With this method a mean and standard error for 8 to 12 clearance estimations from each experiment are presented (concentrations measured 5 times, 2 to 3 replicates). Differences are compared by l-factor ANOVA for each experiment separately. In the experiments with field-caught A. clausi and Centropages hamatus clearance estimation followed t h~s method.
Since the volume of experimental bottles was only 100 ml, each subsample taken without removing copepods will increase the apparent clearance rate when it is based on linear regression. Accordingly, clearance rates estimated from regressions were 7 to 13 % higher than rates calculated from each separate sample interval (Fig. 1) . Both rates were strongly correlated and the slope was not significantly different from 1 (t-test, t = -0.1007, df = 11). Acartia tonsa females from 2 generations with different size were used in the experiments and, to m a k e a comparison between all experiments possible, the clearance rates were normalised to body weight ( Table 1) .
RESULTS
Both Acartla species increased their clearance rates when deprived of food for periods longer than 3 h (Figs. 2 & 3) . Acartia tonsa had the highest weight specific clearance rates (1 to 1.9 m1 pg-' dry wt d-l).
The increase was significant for both 6 h a n d 14 h starvation times (t-test; p < 0.002, t = 4.073, df = 13.3 and p < 0.001, t = 5.23, df = 10.23, respectively). A. clausi responded similarly but with only half the weight specific clearance rate (0.5 to 1.2 m1 pg-' dry wt d-') and a significant increase only after 14 h starvation (l-factor ANOVA; p = 0.022, df = 1,14, F = 6.64). Centropages hamatus had the lowest weight specific clearance rates Clearance rate (regression), ml female" d" 6 h 14h Time without food Fig. 3 . Acartia claua and Centropages hamatus. Effects of starvation tunes. Clearance rates are averages (n = 8) of separate estimates for each 20 min time interval. Control, continuously fed copepods "Significant difference between treatment and control (l-factor ANOVA; p = 0.022, d.f = 1,14, F = 6.64). Error bars = SE (0.2 to 0.5 m1 pg-l dry wt d-l) with an increase at 6 h a.nd no significant difference between controls and starvation treatments. Two experiments were performed with Acartia tonsa to test day-night differences, each consisting of a series of measurements during the day and another at night (Fig. 4) . There was no difference between clearance rates at night and d.uring the day (2-factor ANOVA; df = 1,GO). Continuously fed copepods, however, had a significantly lower clearance rate than starved ones during the day (l-factor ANOVA; p = 0.025, df = 1,30, F = 5.53). The daytime clearance rates in this series of experiments were lower than the corresponding 1 h starvation treatments presented above (Fig. 2) because females were considerably smaller (Table 1) and the normalisation to dry weight could not fully remove this size effect.
When the average clearance rates presented above are analysed in detail, it is apparent that the duration of increased clearance in the starvation treatment was quite brief (Fig. 5 ). In the case of Acartia tonsa, the analysis is based on the same data as in the day-night comparison above and one more experiment from day and night. There was a significant interaction between starvation time and sampling interval (2-factor ANOVA; p = 0.0225, df = 3,96, F = 3.34). Starved copepods increased clearance to a maximum after 40 min, then d.nc;eased again, Co?,ti,?-azc!ji fed rnnnnndc did not --r-r-----change clearance much after the initial determination. Significant differences were found in the 40 and 60 min sampling interval (l-factor ANOVAs; p = 0.0238 and 0.0223, df = 1,24, F = 5.83 and 5.97, respectively), after which the effect of starvation disappeared. A. clausi already displayed a higher clearance rate in the first sampling interval, but only for the longest starva- tion time were both the sampling time and starvation effects significant (2-factor ANOVA; p = 0.001, df = 1,8, F = 25.2 for starvation time and p = 0.0019, df = 3,8, F = 13.0 for sampling time). The increased clearance rate also lasted longer at the most severe starvation level, and even after 100 min there was a pronounced difference.
There was a general drop in clearance at 40 min and this may be due to the method for calculating separate clearance rates at each 20 min interval. The method tends to give alternating high and low rates, since a low start concentration (associated with high clearance rate in the preceding interval) will give a lower clearance in the next interval (see 'Materials and methods').
+

DISCUSSION
S
The copepods in the experiments were under very crowded conditions and this may affect the feeding behaviour negatively. Ingestion rate calculated from the average clearance rate in the controls with contin-uously feeding copepods was 41 900 cells female-' d-' for Acartia tonsa (Fig. 2) , which is comparable to the 38 200 cells female-' d-' of the larger clone of Thalassiosira weiss.flogii reported by Thompson et al. (1994) . A. clausi had a considerably lower average ingestion of 26 300 cells female-' d-l or a clearance rate of 7.5 m1 female-' d-l, which is lower than the 10 to 12 m1 female-' d-' reported by Saiz et al. (1992) . Centropages hamatus had the lowest ingestion rate, 21 000 cells female-' d-l in continuously feeding copepods. Van Alstyne (1986) found an ingestion of 36 000 beads (10 to 40 pm) flavoured with T. weissflogii per female and day. Her treatment was similar to the 6 h starvation in this study where a comparable ingestion of 30 800 cells female-' d-' was found. C. hamatus has a lower retention of small cells than Acartia, which explains the -50% lower weight-specific clearance rates (Tiselius 1989) .
The difference between the 2 Acartia species is well documented and both have a higher daily ration (120 to 148% body carbon d-l; Durbin et al. 1990 ) than the 15 to 85 O/o reported for Centropages han~atus (Ksrboe et al. 1982 , Conley & Turner 1985 . Experimental copepods apparently showed signs of crowding stress but feeding rates were not unrealistic. The clearance rates should not be considered absolute but relative, i.e. as compared with the controls of continuously feeding copepods. The experimenta.1 food concentration was 315 pg C 1-' assuming a carbon content of 90 pg C cell-' (Gisrnervik 1997) , which is in the high end of natural concentrations (Ki~rboe & Nielsen 1994), but well within the range of peak concentrations found in patches (e.g. Bjarnsen & Nielsen 1991). Summarising the methods used in the study, the experimental procedures were chosen to detect very short term effects ( < l h), which made it necessary to use a high copepod abundance. The copepod concentrations may yield lower than natural ingestion rates but the difference in food concentrations (filtered sea water vs 315 pg C 1-') may invoke more extreme responses tha.n in nature.
Two different responses to starvation were apparent in this study. The shortest effect was on the time scale of gut filling and was observed in most experiments irrespective of degree of starvation. During the first 40 to 60 min, clearance rates were higher for Acartia tonsa that had been deprived of food even for as little as 1 h. This corresponds to the starvation effect observed by Runge (1980) and Mackas & Burns (1986) for Calanus pacificus in that it is a temporary effect decoupled from availability of enzymes or somatic changes due to starvation. The copepods apparently have an increased filtration rate during the time it takes to fill the gut. Since A. tonsa has an enzyme production that responds quickly to changes in food concentration (Hassett & Blades-Eckelbarger 1995) , there is no limiting factor other than gut volume for the intake. One hour of starvation is on the same time scale as gut clearance time at 20°C for A. hudsonica (12 to 15 min, Q," = 1.88; Wlodarczyk et al. 1992) and Centropages ha.matus (32 mi.n, Q, , = 3.8; Kiorboe et al. 1982) and accordingly occurred even after a short time without food. For Calanus helgolandicus that normally empties its entire enzyme pool daily (Nott et al. 1985) , the increase observed by Runge (1980) after 22 to 26 h starvation may be interpreted similarly. Calanus h.a.s a greater capacity to ingest more during a short time due to its larger gut, but also because it builds up a supply of enzymes that can be quickly secreted.
The effect of longer starvation times (>6 h) in this study was different from that of short term starvation. Average clearance rates measured over the length of an experiment (90 min) were significantly higher for the 2 Acartia species at the longest starvatior! times. This is in addition to the difference during the first 40 to 60 min and implies that, even after the gut was filled, there was a capacity for higher ingestion in starved copepods. An expIanation may be found in the fact that Acartia can rapidly change its body weight in response to a changing food environment (Thompson et al. 1994) . In experiments with A. tonsa average weight increased 25 % over 24 h when copepods from the field were fed 2000 cells ml-' of Thalassjosira weissflogij. The effect was dependent on the field conditi.on factor but copepods had fully recovered from the food limited state within the 24 h. In the present study the 2 Acartia species continued feeding at elevated rates when they had been starved more than 6 h (A. tonsa) or 14 h (A. clausi) even though their guts were filled. Durlng this recovery time A. tonsa presumably allocate energy to somatic growth rather than to egg production (Thompson et al. 1994) .
A persistent increase in ingestion rate may be explained by changed assimilation efficiency (AE). Landry et al. (1984) reported that Calanus pacificus acclimated to I.ow food levels sh.owed a higher AE than continuously feeding copepods. However, AE did not reach higher levels until 6 to 8 h after feeding had commenced following 2 d starvation (Hassett & Landry 1988) . The authors suggested that long lasting starvation may require the new formation of R-cells, cells responsible for uptake and storage, before assimilation can take place. The prolonged elevated ingestion after 14 h starvation in Acartia clausi in the present study may therefore be due to low AE, caused by lack of R-cells, and a concomitant decrease in gut passage time.
Centropages hamatus showed a maximal response after 6 h starva.tion but it was still less pronounced than for the Acartia species. Starvation for 14 h had severe effects and even feeding capacity was reduced. A congener, C. typicus, has been found to be more sensitive to starvation than A. tonsa (Dagg 1977) and 12 h starvation resulted in a 50 % reduction in egg production. When the pulsing of food was more moderate (0.5 to 2.0 pg chl a I-'), however, it did not affect survival of C. typicus (Davis & Alatalo 1992) . C. harnatus has a maximum growth rate of 0.27 to 0.31 d-' (Klein Breteler et al. 1982 , Fryd et al. 1991 ) compared to 0.45 d-' for A. tonsa (Berggreen et al. 1988 ), so we should expect a correspondingly lower clearance rate (-0.7 to 1.2 m1 1.19-' dry wt d-l). Observed rates were, however, only half of that. Due to lower retention efficiency (Tiselius 1989) , the 3500 cells ml-' of the small clone of Thalassiosira weissflogii used here may not suffice to saturate C. hamatus as in the case of Acartia.
The results found for small copepods in this study have implications for their survival in the highly variable surface mixed layer of the ocean. The investigated species are constantly moving in and out of patches of food, do not migrate extensively and do not leave their food to hide from predators as Calanus do. Instead, predator avoidance has to be accomplished by their behaviour wherever they are. The behavioural traits should therefore b e evaluated with respect to potential gains in survival and reproduction, not only through increased ingestion and growth, but through reduced predation risk a s well.
I~lcreased feedir?.; activity a! night h a s heen shown for Acartia tonsa under constant food conditions (e.g Stearns 1986 , Durbin et al. 1990 ) and providing A. grani with abundant food at night gave higher e g g production than the same amount of food given during the day (Calbet & Alcaraz 1996) . Centropages typicus reduced its feeding during the day to levels that decreased egg production, even though food levels were the same as at night (Dagg & Grill 1980) . These and other observations show that the selective pressure to avoid predation clearly is high and should affect the feeding behaviour (e.g Tiselius et al. 1993 Tiselius et al. , 1997 . Increased predation risk in a constant food environment should thus give a more pronounced difference in feeding activity between starved and well fed copepods. Accordingly, the difference between controls and starved copepods in the day-night experiment (Fig. 4 ) suggests that well fed copepods suppressed their feeding activity when they might expect a higher predation risk, but that the hunger response overrode the predation risk during the day. Short term increases of up to 70 "G (for < 1 h) and sustained increases of 30 % (for several hours) in clearance rate after starvation times of 6 to 14 h were found for the 2 Acartia species in this study. This should be compared to the patchiness of food resources experienced by small copepods in the sea. In extreme situations with strong-pycnocline-associated patches (e.g.
Bjmnsen & Nielsen 1991) the range of food concentrations used in this study may be realistic (0 to 3500 Thalassiosira welssflogii ml-l). But more often, as pointed out by Davis & Alatalo (1992) a n d Calbet & Alcaraz (1996) , the gradients are less strong. Then the responses in small copepods will be weaker and probably unimportant for the daily food intake for any single copepod.
Short term intense feeding may still b e advantageous if patches are formed and grazed down on a time scale of hours. The short term stimulation of clearance observed in this study already occurred after 1 h without food, that is, slightly longer than it takes to empty the gut. The potential to feed at higher rates temporarily may provide a window of opportunity for avoiding predators or finding new patches of food while keeping the same average ingestion rate a s a hypothetical continuously feeding copepod. In the common situation of food limitation (e.g Kierrboe & Nielsen 1994, Thompson et al. 1994) , competition for food would also favour species that can ingest a n d assimilate more food per unit time. To evaluate this effect requires better knowledge of persistence of food patches in the sea a n d the copepods' in situ responses to them.
